This paper reports on the properties of microscale water hyacinth fiber pulp (WHF) filled tapioca starch biopolymer (TSB) composites. The volume fraction of WHF in the TSB matrix is varied, that is, 1%, 3%, 5%, and 10%. A casting method is used for making sample films of the biocomposites. Scanning electron microscopy (SEM) of the fracture surface of the biocomposite for the tensile samples displays good fiber distribution in the matrix, and interface bonding between WHF and TSB. The 10% fiber biocomposite deliveres the highest value of tensile strength (TS) of 6.68 MPa, and tensile modulus (TM) of 210.95 MPa; however, this combination also has the lowest fracture strain of 7.30%. In this case, there was 549% improvement of TS and 973% of TM in comparison to TSB. The biocomposite with 10% WHF content also showes the highest thermal resistance and the lowest moisture absorption. It shows potential for future commercial applications.
Introduction
In last two decades, attention has been given to the development of starch-based thermoplastics as a way of reducing non-degradable synthetic polymer use. [1] These thermoplastics are environmentally friendly, cheap to produce from widely available raw materials and biodegradable. [2] The cassava or tapioca plant is one extensively researched source of starch because it grows abundantly in tropical countries like Indonesia. This plant has a high water content along with starch and celluloses fibers. [3] However, compared with conventional synthetic thermoplastics, tapioca starch thermoplastics are brittle, have poor mechanical properties, and are water sensitive. [4] Extensive research has been conducted to attempt to enhance these properties in recent years. [3, [5] [6] [7] Brittleness has been reduced by mixing in a plasticizer such as glycerol. [8] To increase tensile strength and water resistance, fillers obtained from natural fibers have been added to starch-based biopolymers to produce biocomposites. [5, 9, 10] Chen et al. [11] reported an improvement of mechanical properties, thermal, and moisture resistance of biocomposites that included cellulose nanoparticles from natural sources. Some other recent results have indicated significant improvement of some properties of starch-based biocomposites if they are reinforced by micro-sized natural fibers. [12] [13] [14] Generally, the natural fiber has chemical compositions consisting of celluloses, hemicelluloses, and lignin. [11] The strength of the fibers depends on the cellulose content. [15] If this is high, the mechanical properties are improved. [16] One possible natural fiber reinforcement in starch-based composites is WHF which has a high cellulose content of 30-50%. [17] Water hyacinths reproduce prolifically in the tropics, creating problems in the environment as they block irrigation channels. They are easily harvested as they float on the water surface. Commercial use of the plant is still limited, however. Therefore, considering its high cellulose content, it could be used as a reinforcement material for biocomposites. [18] Size of the reinforcing fibers affect the mechanical properties of a starch-based thermoplastic. [4] A decrease in fiber diameter improves mechanical properties and resistance to moisture absorption. [4] Intensive studies have been conducted to improve the surface area ratio between fibers and the matrix interface by reducing the diameter of the fibers. [19] Nano-crystals of ramie cellulose in a bioplastic of wheat starch has been shown to improve the properties of the biocomposite. [5] Such cellulose nano-crystals from plant sources can be produced mechanically or chemically. [20] [21] [22] [23] [24] However, producing nano-sized dimension fibers is expensive and can use environmentally damaging chemicals. It is economically advantageous if micro-sized fibers from abundantly available plants could be utilized as the reinforcing material for starch-based thermoplastics. Therefore it is necessary to develop methods to lower the cost and optimize the performance of bio-based products so they can be used to create efficient packaging materials that are environmentally friendly, safe, and preserve food quality. [25] Some previous work using WHF has been published. [9, 18, [26] [27] [28] [29] However, as far as we are aware, there are no previous studies investigating the microscale effects of WHF on the physical and mechanical properties of starch tapioca based thermoplastics. Therefore, this research was designed to study the properties of this combination. Mechanical properties, thermal resistance, moisture absorption, FTIR, XRD, SEM fracture surface of the studied samples were measured. Results of this investigation could form a basis for further research to provide a better understanding of the properties of this biocomposite and the potential development of a commercially attractive solution to a pressing environmental problem.
Experimental Section

Extraction of WHF
Extraction of WHF was conducted as in previous research. [9] The fiber was extracted from freshwater hyacinths growing in a local swamp in 50 Kota district, Indonesia, cut into 1 cm lengths and cleaned with fresh water. Then, it was placed in a plastic covered shelter under sunlight for 5 days to dry. The dried WHF samples were mixed with a 25% NaOH solution and placed in a digester for 6 h at about 130 C, two bars. The pulp was neutralized by water until pH 7, blended by a mixer for 10 min then screened by using a printing screen with T61 mesh. The wet pulp was then solar dried. The average diameter of the dried fiber was 2.96 AE 0.52 μm.
Measuring Chemical Compositions
The cellulose, lignin, and hemicellulose composition of WHF were determined. Cellulose and hemicellulose content was measured using the Technical Association of the Pulp and Paper Industry (TAPPI) standard T9M-54, and the lignin content was tested by using TAPPI T13M-54. For the sake of conciseness, these procedures are not explained in this paper.
Preparation of Biocomposites
The tapioca powder used for this research was a commercial product branded "Cap Pak Tani", bought in a local market. The content of water, amylose, and amylopectin in the powder was 19, 15, and 85%, respectively. Tapioca starch bioplastic (TSB) was processed by mixing 1 g WHF with 140 mL of water. Then 10 g of tapioca powder and 3 mL of glycerol were added to the mixture which was then mixed with a (Daihan HG 15D-Set A) homogenizer for 5 min at 5000 rpm. The solution was gelatinized using a magnetic stirrer at 150 C, 500 rpm for 18 min. Finally, the gelatinizing biocomposite was poured into a rectangular glass mold and placed in a Universal drying oven (Memmert UN-55) at 50 C for 20 h. Samples for study were released from the mold after 24 h at room temperature.
Thermal Gravimetric Analyzing (TGA/DTG), Differential Scanning Calorimetry (DSC)
Measurement of the TGA/DTG and DSC was performed using a thermogravimetric analyzer (TGA/DSC1 equipment from Mettler Toledo). For TGA/DTG, a sample of about 7 mg was heated from 25 to 600 C at 10 C min À1 , for DSC from room temperature to 250 C at 10 C min À1 .
Moisture Absorption
Films with a dimension of 1 Â 1.5 cm were dried in an oven (Universal Oven Memmert UN-55) until constant weight then stored in a closed chamber with 99% relative humidity (RH) for 10 h. The samples were taken out and weighed on a precision balance to the nearest 0.1 mg (Kenko). The moisture absorption in the sample was calculated as a percentage from the difference between dried weight and wet weight divided by dried weight.
[27]
Tensile Testing
A Com-Ten 95T Series testing machine was used for measuring the tensile strength of all samples at 3 mm min À1 and room temperature 14 days after samples were released from the mold. Five repeats for each fiber percentage were conducted using ASTM D638 type I Standard test. [30] Maximum force on the sample was divided by average cross-section area to obtain tensile strength. In order to obtain average cross-section area accurately, thickness and width were measured at ten different location points using a dial indicator micrometer to 1 μm accuracy. Tensile modulus was automatically derived by the tensile equipment as the slope of the linear region of the stressstrain curve. The strain of a sample was measured as the fracture strain.
XRD Testing
X-ray diffraction of the film was performed by using PANalytical Xpert PRO at 25 C, 40 kV, and 30 mA. The samples were scanned from 2θ ¼ 3 to 40 . Crystal size (L) was calculated using Equation (1):
where the values of k and λ were 0.89, 1.54, respectively. The value of B was measured from full width at half maximum of XRD pattern peak (FWHM) multiplied by π/180. The crystallinity index (CI) was measured by using Equation (2): [31] www.advancedsciencenews.com www.starch-journal.com
where I 200 is the intensity of the peak corresponding to cellulose I, and I am is the intensity of the peak of the amorphous fraction.
FTIR Characterization
The FTIR characterization was performed by using "The PerkinElmer Frontier." The aim of FTIR characterization was to identify the state of the functional groups of the TSB and the TSB/WHF composite. The sheet film from the dried samples was scanned at the frequency range of 4000-600 cm À1 .
SEM Observation
Observation of the fracture surface of all tested samples was performed by using SEM (Hitachi 3400 N series) at 15 kV.
Results and Discussion
Chemical Composition of WHF
Chemical composition of natural fibers depends on growing location, age, temperature, and humidity. [27] The WHF studied came from local sources, and its chemical composition is reported in Table 1 . The composition of the WHF pulp was changed after processing. Before treatment, the WHF pulp had high lignin (4.1%) and hemicellulose (20.6%) content which decreased after digesting and blending for 10 min to 3.9% and 3.5%, respectively. Meanwhile, the cellulose content became more dominant in the treated WHF sample being 67%.
Thermogravimetric Analysis (TG) and Derivative of TGA (DTG)
Thermal degradation and decomposition of the present samples were observed to measure the relationship between thermal properties and differences in chemical composition. Figure 1a shows the TG curve of thermal weight loss, and Figure 1b is the DTG curve of samples as a function of rising temperature. The TG curve is composed of three main sections that have also been observed in previous studies. [11, 15] Up until 100 C, the sample displays a slight loss of weight due to evaporation of water. [3, 32] This small amount of dehydration up until about 100 C was also confirmed by the DTG curve ( Figure 1b) . As the temperature reaches the range of 250-340 C, the TG curve indicates maximum decomposition of the sample probably attributable to oxidation of the partially decomposed starch as well as fiber degradation. [33, 34] Above 300 C, the highest rate of decomposition is observed for the TSB. The rate of weight loss for the biocomposite samples containing WHF was lower than for the pure TSB. This was also observed in a previous study.
[ 35] The maximum thermal resistance was measured on the 10% WHF biocomposite which also displayed the highest CI of all tested samples as evidenced by the XRD diffraction discussed later in this present paper. The greater crystalline structure led to high resistance to heat and an increase in maximum temperature for thermal degradation as shown in Table 2 . [36] This phenomenon was similar to a previous report.
[ 37] Another factor that could also improve the thermal stability of the biocomposites is good interface bonding between TSB and WHF that led to strong hydrogen bonding, thus reducing the weight loss in the sample. [36, 38, 39] This is consistent with FTIR curve (Figure 2 ) that shows shifting of the wave number of the biocomposite as evidence of good interface bonding. Figure 2 exhibits the FTIR spectra of the studied samples along with an untreated WHF control. These are similar to the FTIR spectrum published previously. [27] After processing in the digester and blending 10 min the functional group of the WHF had a changed wave number position. Untreated WHF exhibits a broad spectrum and O─H stretching at wave number 3344.5 cm
FTIR Spectra
À1
. After boiling with 25% NaOH and blending 10 min, the O─H functional group shifted to 3283.8 cm
. Previous research reported that decrease in the wave number of O─H stretching could be attributed to lower force from electron delocalization. [40] The C─H stretching data corresponds to the cellulose and hemicellulose component. [41] After the treatment, these wave numbers were shifted from 2910.4 to 2920.9 cm
. The absorption area at 1253.9 cm À1 corresponds to a C─O─C functional group. After chemical and mechanical treatment, the C─O─C functional group disappeared (Figure 2b) . Peaks in the wavenumber from 1037.6 to 1017.3 cm À1 corresponding to the C─O functional group related to the cellulose component shifted after chemical and mechanical treatment. The continuing presence of C─O functional groups proves that the cellulose component was not eliminated by alkali treatment. [41] Meanwhile, TSB has an O─H functional group at wavenumber 3293 cm À1 (Figure 2c ). After addition of 1, 3, 5, and 10% WHF to TSB, the O─H band shows a significant shifting. For example, the O─H functional group of 1% WHF biocomposite shifted to 3295 cm À1 as shown in Figure 2d . This shift is strong evidence for the formation of hydrogen bonds between WHF and the TSB matrix. [42, 43] The O─H functional groups were reduced as the amount of WHF fiber increased leading to a decrease in the ability of the O─H functional groups to bind with water resulting in a more hydrophobic biocomposite.
X-Ray Diffraction
X-ray diffraction was used to measure changes in the crystalline structure. Figure 3 shows XRD patterns for TSB (a), WHF (b), and Table 3 shows crystallinity index (CI) and the crystal system of all tested samples. The XRD pattern of WHF exhibits a sharp peak at a high scattering angle that indicates a high crystallinity index (CI). [36] The CI of WHF peaked at 59.56% (Figure 3) . The TSB shows a broad diffraction pattern and a peak at a low scattering angle which can be attributed to high amorphous content and small crystal size. [7] The CI of TSB was 10.9%. This explains why increases in WHF content in the TSB results in improvement of the CI of the resulting biocomposite as shown in Table 3 . The highest CI was measured in the 10% WHF biocomposite. A high CI in a biocomposite is correlated with improved tensile properties, so it is expected that addition of WHF results in an enhancement of the TSB based biocomposite tensile properties. [36, 43] 3.5. Moisture Absorption Figure 4 shows average moisture absorption (MA) of samples with different fiber content as a function of time. There were five repeats for each fiber content tested. In the beginning, MA for all samples is similar and high due to the large difference in relative humidity between the sample and humid environment in the Table 2 . Crystallization (T c ), melting temperature (T m ), and melting enthalpy (H m ) of the samples from Figure 1c . www.advancedsciencenews.com www.starch-journal.com chamber. After time in the chamber, the rate of MA decreases toward a saturation point. It was noted that achievement of the saturation point for TSB took longer than for the biocomposite. Furthermore, MA of the biocomposite was lower than TSB and tended to decrease as fiber content increased. This confirms that WHF used in the present study was less hygroscopic than the starch due to the higher degree of molecular order which results in improved barrier properties. [44] After 10 h in the humid chamber, the lowest MA value was 26.8% for the 10% fiber biocomposite and highest at 32.6% for the TSB. Increasing WHF content in the TSB resulted in a more hydrophobic biocomposite presumably due to strong hydrogen bonding between WHF and TSB resulting in lower diffusivity of water molecules into the sample. [8, 45] This is reinforced by observation of the SEM fracture surface (Figure 5d ). Figure 6 shows the tensile strength (TS) versus strain curve of individual samples with differing WHF content. As predicted from the CI results (see Table 3 ), pure TSB displayed a low TS and tensile modulus (TM), and the highest fracture strain. As fiber content increased, TS and TM values increased, and fracture strain decreased indicating that fiber strengthens the biocomposite but causes to become more brittle. Average values of TS, TM, and fracture strain versus the various WHF contents www.advancedsciencenews.com www.starch-journal.com in TSB are displayed with error bars in Figure 7a -c, respectively. These confirm that both the TS and TM improved as fiber content increased, but fracture strain decreased. Average highest values for TS and TM of the 10% WHF biocomposite were 6.7 and 210.9 MPa, respectively. While this biocomposite was the strongest, it also had the lowest fracture strain of 3.7%. Hence, the addition of 10% WHF increased TS by 549%, and TM by 973% in comparison to TSB. Improvement of these mechanical properties may be due to the fact that the WHF was well distributed in the TSB so reinforced the biocomposite against the applied external tensile load. Good interface bonding between WHF and TSB as shown in Figure 5d may also contribute to increases in TS and TM values of the biocomposites. Similar improvement of mechanical properties with increases in fiber content has been observed in previous studies. [15, 42, 46, 47] The strength of this WHF/Tapioca bioplastic exceeds that of Zong-qiang et al. [12] who used okara micro fiber as a reinforcement. Maximal tensile strength was less than half the value obtained in this study at 3.13 MPa when a 10% fraction of this fiber was used in a corn starch-based bioplastic. The superior performance of the bioplastic in this study is related to the smaller diameter of the WHF fibers, about 2.96 AE 0.52 μm compared to 177 μm for the okara fibers.
WHF-TSB composites (c-d), meanwhile
I I I Sample T c [ C] DSC [W g À1 ] T m [ C] DSC [W g À1 ] H m [J g À1 ] TSB
Mechanical Properties
SEM Photograph
The SEM photograph of pure TSB (Figure 5a ) shows a smooth fracture surface. In comparison, the SEM photographs of biocomposites with various WHF content (Figure 5b,c) show rougher fracture surfaces due to the fiber content. As shown in Figure 5b ,c, the fibers in the TSB matrix were uniformly distributed, and there was no agglomeration of the fibers observed. Agglomeration could reduce the mechanical properties of the biocomposite. The higher WHF content in the TSB improves the possibility of reinforcing fibers withstanding the external load, creating increases in the mechanical properties of the sample. Furthermore, an enlargement of the fracture surface in Figure 5d shows no gap between fibers and the matrix indicating good interfacial bonding. This is to be expected due to the similarity of the polysaccharide structures of cellulose and starch. [48] Strong adhesion bonding effectively transfers applied www.advancedsciencenews.com www.starch-journal.com stress from the matrix to the WHF improving mechanical properties of the biocomposite.
Conclusions
The present study has highlighted that WHF, a major environmental hazard, could be put to good use in biocomposite production. Chemical and mechanical treatment reduced hemicellulose and lignin content in WHF while increasing cellulose content. The 1-10% fractions of WHF in TSB resulted in an improved material as evidenced by SEM photographs which indicated uniform distribution, and strong, good interfacial bonding. As the amount of WHF in the TSB matrix increased so did tensile properties, tensile modulus, and thermal and moisture resistance. However, the strain of the biocomposite decreased. The biocomposite of 10% WHF delivered the best performance (improvement of 549% TS, 973% TM), thermal and moisture resistance, and has potential for commercial applications with the appropriate development of technology to achieve this economically.
